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1, INTRODUCTION 

In the recent times, various researches have been carried out regarding RF energy harvesting 
methods. The idea behind this harvesting method is to scavenge the RF energy received through ambience or 
dedicated sources and transform them into alternative power in the means of renewable energy [1-5]. This 1s 
made possible by designing an appropriate rectenna which consists of an antenna together with a rectifier to 
convert harvest RF and convert it into DC. This method of renewable energy is best applied in a wireless 
sensor network system. Wireless sensors are known to have a restricted lifetime due to its battery usage [6-9]. 
This is where a RF energy harvesting device can play a crucial part as a supportable power supply which 
replaces the need for batteries [10,11]. Some of the current applications where this has been implemented are 
related to wireless. This involves sensor networks [12], body networks [13] and charging systems [14]. Over 
the years, many advancements in terms of circuit design has been incorporated to come up with an efficient 
and optimized RF energy harvesting system to harvest as much as power available [15]. 

This paper intends to deliver a RF energy harvesting prototype which operates on GSM, WIFI & 
WiMAX frequency bands. Two microstrip patch antennas were designed and tested under appropriate field 
conditions [16]. One antenna is operating on the GSM 900MHz band and the other is on dual band operation 
which is WiMAX 2.3GHz & Wi-Fi 2.4GHz. Design and results of matching networks and rectifiers are also 
discussed in this paper. Lastly, a power management module is introduced via the BQ25570 IC to power up a 
low power device. 
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2. RESEARCH METHOD 

The summary of the RF energy harvesting prototype is depicted as the Figure 1. To harvest RF 
energy from the GSM 900MHz band, an E shaped microstrip patch antenna is designed, optimized and 
incorporated to the system. A dual band E shaped patch antenna with a partial ground plane as well is 
designed to harvest RF energy from WIFI 2.4GHz band and WiMAX 2.3GHz. Matching networks are 
introduced after the antenna to ensure efficient power transfer from the antenna to the rectifier [17]. The RF 
energy harvested is then fed into a 5 stage Villard voltage double circuit [18]. This circuit transforms the RF 
energy to DC. The converted DC power is then combined and fed into the power management circuit. The 
power management circuit consists of the BQ25570, a battery and a load. All the design and results of the 
mentioned components will be discussed in the next section. 
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Figure |. RF energy harvesting prototype 


3. RESULTS AND ANALYSIS 

The design of all the circuitry was done using Computer Simulation Technology (CST) software and 
was optimized to operate optimally before fabrication [19-25]. All circuitry was tested on appropriate field 
conditions and hardware optimization was done to achieve desired results. This section will discuss in detail 
the design and results of the microstrip patch antennas, matching networks, rectifier modules and the power 
management module. 


3.1. Microstrip Patch Antenna 

There are two types microstrip patch antenna designed for this work. One is the E shaped patch 
antenna which is designed to operate on GSM 900MHz and a dual band E shaped antenna which operates on 
WIFI 2.4GHz and WiMAX 2.3GHz. Both the antennas have partial ground plane which benefits in 
increasing the operating bandwidth of the antenna. The transmission line is optimally placed to obtain the 
best return loss results [23, 24]. The dimensions of the antennas were calculated based on the microstrip 
patch antenna equations and depicted Figure 2 and Figure 3 and Table | and Table 2. 


Table 1. E Shaped Patch Antenna Dimensions 


Component Variable Dimension (mm) 
E-Shaped Patch Width 96 
Antenna Length fifi 
Sl Width 2 
Length a2 
S2. Width 3 
Length 70 
Feed Line Width 2 
Length 24 


*S1 & S2 refers the slot on the patch antenna 


Table 2. Slotted Dual Band Antenna Dimensions 


Component Variable Dimension (mm) 
E-Shaped Patch Width 38 
Antenna Length 28 
Slot Width 1 
Length 10 
Feed Line Width 2 
Length 14 
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Figure 2. E shaped patch antenna design 


Figure 3. E shaped dual band antenna design 


Slots were introduced into the patch to create fringing effects to obtain better bandwidth and return 
loss. S parameters were calculated using CST and the results are displayed in Figure 4. 
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Figure 4. Return loss plot of GSM 900MHz patch antenna 


The antenna was observed to be resonating at 941.6MHz with a wide bandwidth of 88.57MHz. The 
return loss of the antenna was recorded to be at -21.23dB. 

The dual band patch antenna was observed to be resonating at 2.3GHz and 2.4GHz with a 
bandwidth of 10.11MHz and 9.78MHz respectively. Return loss of the antenna was recorded to be at - 
12.243dB for WiMAX and -12.345dB for WIFI. Return loss plot of both patch antenna can be seen 
in Figure 5. 

Both the antennas were tested using a transmitting antenna, as shown in Figure 6, which was fed by 
a signal generator. Distance and power level were recorded to observe the performance of the antenna. 
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Figure 6. Testing of microstrip patch antennas via signal generator 


Based on the testing conducted, it can be observed that the power level decreases as the antenna is 
moved further from the source which in this case is a signal generator. However, the power level on the GSM 
900MHz patch antenna is compared to be better than the dual band slotted antenna. This is because the dual 
band antenna suffers path loss due to its higher frequency compared to the GSM 900 patch antenna [13-16]. 
The antennas were also tested near a cell tower and a wireless router. The same were observed when tested 
when a signal generator. Results are in Table 3. 


Table 3. Antenna received power level tested on field 


Component Distance (cm) Received Power Level (dBm) 

E- shaped patch antenna tested near a cell tower 50 -6 
100 -11 
150 -14 
200 -20 
250 -25 

Dual band slotted antenna tested near wireless router 50 -4 
100 -9 
150 -13 
200 -19 
250 -26 


3.2. Matching Network 

Impedance transformation is very important to enable maximum power transfer between a source 
and a load. The performance of the circuit is tuned to control the impedance of the source or load. The 
graphical method employing the Smith chart can be used to transform networks [17]. Such method is used in 
this research work via the ADS software. This work contains two matching networks, one for each antenna as 
they operate on different frequencies. The first matching network operating on the GSM band is designed 
with a source of 50ohm and a load of 774+j55. The second matching network operating on the WiFI & 
WiMAX band is designed with a source of 50ohm and a load of 58-j23. Figure 7 and 8 shows the return loss 
plot of the first and second matching network. 
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From the figure above, the matching networks are observed to be resonating at the desired frequency 
which is 940MHz and 2.4GHz. The bandwidth of the matching network 1s 220MHz and the return loss of the 
matching network is recorded to be at -50.609dB for the GSM band. The bandwidth of the matching network 
is 1OOMHz and the return loss of the matching network is recorded to be at -46.215dB for the WiFi & 
WiMAX band. Both the matching networks are designed based on lumped elements and added to the 
transmission lines of the antenna. 


3.3. Rectifier Module 

The RF to DC conversion circuit being employed for this research work is the Villard voltage 
doubler circuit. For simulation, the NI Multisim software is being used. The Agilent HSMS-280 diodes are 
chosen to be used in RF to DC conversion circuit. These diodes have a very low forward voltage which suits 
best in this application [18-20]. The number of stages of voltage doubler was studied during simulation and 
5-stage voltage doubler circuit is being implemented. The same rectifier module is used for both the patch 
antennas, however with different impedance matching circuits. A single stage of the voltage doubler circuit is 
shown in Figure 9 and the values for the components of the circuits are tabulated as shown in Table 4. 

The circuit was tested by feeding a RF signal operating on 945MHz and 2.4GHz. DC output was 
measured and tabulated in Table 5. 
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Figure 9. Single stage voltage doubler circuit 


Table 4. Voltage doubler components 


Component Value 

Diodes Agilent HSMS-280 
Stage Capacitor 3.3nF 

Filter Capacitor 100nF 

Load Resistor 100kohm 
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Table 5. Voltage doubler results 
Input Power (dbm) Voltage (V) GSM Voltage (V) WiFI & WiMAX 


-40 0.02 0.01 
-35 0.12 0.10 
-30 0.24 0.22 
-25 0.38 0.35 
-20 0.49 0.54 
-15 0.66 0.58 
-10 0.94 0.80 
-5 1.29 1.04 
0 2.9] pe | 
5 6.34 4.89 


3.4. Power Management 

A power management circuit is introduced into the RF energy harvesting system to efficiently 
manage the converted DC power obtained from the rectifier. Here, the BQ25570 integrated chip from Texas 
Instruments is utilized for power management. The IC is designed to work well with high impedance sources 
such as RF signals. It also has a user programmable Maximum Point Tracking algorithm which ensures the 
input voltage doesn’t fall below 80% of the previous open circuit voltage. This IC is programmed to have a 
regulated voltage output together with the capability of charging a rechargeable battery. In this work, the IC 
is programmed to have a regulated output of 3V and connected with a 4.2V NiMH rechargeable battery. This 
is done by varying the resistors on the IC. The rechargeable battery will be constantly charged by the IC if 
there is incoming power. In the case where there is no incoming power, the battery will kick in to power up 
the IC and still supply the 3V regulated output. The cold start voltage requirement for the IC is at 330mV 
which is achievable from the rectenna system designed. Figure 10 shows an example of the E-shaped antenna 
with the rectifier connected to the BQ25570 IC. Output of the IC is connected to a battery and load. 


> 





Figure 10. BQ25570 circuitry with antenna and rectifier connected with battery and load 


The rectenna supplies the required voltage for the BQ25570 to operate. From the testing, it was 
noticed that with a combined input of 330mV, the BQ25570 took 125 seconds to start charging the battery at 
4.2V. Once this happens, the output is measured to be at 3V. Now the input can be as low as 100mV to 
harvest and the battery charging and the output of 3V would be still available. The TI HDC2010 low power 
sensor was connected as a load. The module was charged for 2 minutes and the incoming RF power was 
removed from the system. The system could run for 155 seconds and the 3V output was still present. The 
storage element provides a constant power of 3V to the system and ensures no interruption to load. The 
power management was tested with the rectenna and results are tabulated in Table 6. 


Table 6. BQ25570 power management results 


DC Input (V) Time to start charging battery Time to start regulated output 
0.04 N/A N/A 
0.1 N/A N/A 
0.7 348 121 
1.4 273 258 
1.8 134 312 
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At a distance of 1m from a cell tower and a wireless router, the system could output a combined DC 
voltage of 2.5V. This DC voltage is enough to run the BQ25570 power management circuit. The BQ25570 
provides a regulated output of 3V which is connected to the TI HDC2010 low power humidity sensor. At the 
same time, the BQ25570 charges a 4.2V NiMH battery which can back up the system in case there is no RF 
incoming power. 


4. CONCLUSION 

A RF energy harvesting system operating on multiple frequency bands which includes the GSM, 
WIFI & WiMAX band is presented. The objectives of the research have been met. Suitable rectifier modules 
and matching networks are designed to ensure optimized results are obtained. The BQ25570 has been 
integrated as a power management tool for the circuit. At 1m from a cell tower and a wireless router, the 
system could output a combined DC voltage of 2.5V. This DC voltage is enough to run the BQ25570 power 
management circuit. The BQ25570 provides a regulated output of 3V which is connected to the TI HDC2010 
low power humidity sensor. At the same time, the BQ25570 charges a 4.2V NiMh battery which can back up 
the system in case there is no RF incoming power. 
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